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Abstract 
Earlier workers have provided various explanations for the origin of red boles but their exact mode of formation 
remains debated.. The present work is an attempt to use stable oxygen and carbon isotopes to unravel red boles 
formation mechanism. In this studywe report measurements of G18O and G13C values in red boles, overlying and 
underlying basalts, and calcite veins incorporated within the boles. The results indicate that the alteration of basalts 
and pyroclastic material constitutes the probable mechanism of red boles formation. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of AIG-11. 
Keywords: Red bole; pyroclastic material; carbonatite; basalt; secondary calcite; hydrothermal veins. 
Introduction 
The large outcrops of volcanic rocks of basaltic composition occurring in Western and Central India belong to 
the well known ‘Deccan Basalt Province’ and comprise flat lying lava flows, predominantly of tholeiitic 
composition. Individual flows vary in thickness and are broadly classified as simple and compound flows1. Red 
boles are earthy material occurring between successive flows of basaltic composition and are generally brick-red in 
colour, the thickness of which varies widely. Formation mechanism of the red bole layer remains an enigma. In order 
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to understand their mechanism of formation, a study was done on the red boles associated with Deccan Traps in 
parts of Gujarat in western India. Along with whole rock (basalt) and red boles mineralogy (by ICP-AES analyses), 
petrography, and red boles clay mineralogy, an attempt has been made to look at the stable carbon and oxygen 
isotopic compositions of the basalt and the associated red boles. 
Red Bole 
Figure 1 a: Disposition of bole occurrence with respect to overlying/underlying basalt near Vinjhalpur 
Village, Gujarat; the striking feature in the section is the reverse grading of the weathering profile; b: 
Disposition of the bole at Datrana, Gujarat displaying a very sharp contact with the overlying 
unweathered massive basalt. Secondary calcite discontinuous layers/specks occur within the bole. 
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Results and Discussion 
Field study has revealed two types of red boles (Figures 1 a and b), with significant differences in their mode of 
occurrence and physical characters. Broad clay mineralogy of both types is similar showing dominance of smectite-
group clay minerals, mainly montmorillonite. However, detailed study revealed a possible effect of high temperature 
alteration in one type whereas the other type records the signature of weathering from basaltic rocks.  Stable carbon-
oxygen isotope data, available to date, support the above findings. 
 
The G18O in the silicate phases of basalt ranges between +5.5 and +7.4 ‰2 and is beyond the scope of the present 
work. Carbonate phases, which are found to be associated with basalt and red bole as invisible disseminated form, 
and the visible secondary carbonate deposits (calcite) in some red boles have been analysed in the present work. The 
G13C and G18O measurements have been done with a precision better than ±0.07‰ relative to an internal standard z-
carrarra calibrated against V-PDB.  
The stable isotopic analytical results illustrate that carbonates in basalts are generally more depleted in both 
carbon and oxygen than in red boles. The G13C in most of the basalts (~ -11‰) overlying / underlying the red boles 
is significantly depleted relative to that in red boles (~ -4‰). The G13Ccalcite in boles exhibits values ranging from -
7.61 to -1.78 ‰. The stable oxygen isotopic composition of the overlying / underlying basalts, bole, and calcite 
display distinctly different groups of values barring a few measurements. The overlying / underlying basalts are in 
general more depleted in 18O than the bole and the calcite (Figure 2). 
 
Figure 2: Distribution and comparison of stable isotopic composition in carbonate phases in bole, calcite, 
and basalt (O: overlying basalt; U: underlying basalt) 
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The oxidized carbon has distinctly different G13C values than that in reduced carbon in igneous rocks and ranges 
between +2.9 to –18.2‰. The abundance and isotopic compositions of oxidized carbon in igneous rocks are highly 
variable and exceed the range of G13C in carbonatites. This shows carbonate minerals cannot be primarily of 
magmatic origin3. Concentration of oxidized carbon has been found to be positively correlated with the degree of 
alteration of feldspars in igneous rocks4 and indicates that barring a few oxidized carbon in igneous rocks of 
magmatic origin most of the oxidized carbon is of secondary origin and might have been introduced by circulating 
hydrothermal fluids or by ground water. The principal sources of carbon in hydrothermal fluids are marine 
limestones (G13C ≈ 0‰), deep seated or average crustal sources (G13C ≈ -7‰), and organic compounds of biogenic 
origin (G13C ≈ -25‰); G13C values of CO2 in fluid inclusions have been reported to be having a range from –4 to –
12‰, and most early formed hydrothermal veins have G13C values in the range from –6 to –9‰3. The carbon in 
carbonatites is incorporated from subcrustal sources. The G13C values of most carbonatites range between –2 and –
8‰3. 
 
Conclusions 
 
The G13C values of carbonates in basalt, bole and calcite depict that while basaltic G13C is probably influenced by 
hydrothermal fluids, the same in bole have been affected by circulating ground water through it. Presence of calcite 
in boles with varying G13C values suggests that bole is a weathering product of basalt/altered pyroclastic material. 
The extremely depleted values of G18O in basalts probably reflect high temperature of formation. The depleted G18O 
in boles and in the calcites have probably been modified later from infiltrating water and hence record the signature 
of meteoric water. This also depicts that in presence of meteoric water the basalt / pyroclastic material have been 
altered to produce boles. 
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